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Mammalian X inactivation, imprinting, and allelic exclusion are classic examples of mono-
allelic gene expression. Two emerging themes are thought to be critical for monoallelic
expression: (1) noncoding, often antisense, transcription linked to differential chromatin
marks on otherwise homologous alleles and (2) physical segregation of alleles to separate
domains within the nucleus. Here, we highlight recent progress in identifying these phenom-
ena as possible key regulatory mechanisms of monoallelic expression.Most genes are expressed from both alleles in diploid
organisms. However, there are intriguing phenomena in
which genes are only expressed from a single allele. Sex
chromosome dosage compensation in mammals is the
classic example of monoallelic expression. To equalize
the expression of X-linked genes, which differ in copy
number in males (XY) and females (XX), the majority of
genes on one of the female X chromosomes are tran-
scriptionally silenced in a process called X chromosome
inactivation (XCI). Mammalian imprinting is another well-
known example of monoallelic expression. A small set of
genes are expressed only from paternally inherited alleles,
while another select group of genes is expressed only
from maternally inherited alleles. The significance of im-
printing is well documented since disruption in monoallelic
expression of imprinted genes often leads to genetic dis-
orders. Another example of monoallelic expression is alle-
lic exclusion, which occurs in specialized cell types such
as B-lymphocytes or olfactory neurons. This process gen-
erally excludes gene expression from all but one of a family
of alleles in order to obtain strict cell-type specificity dur-
ing differentiation.
Regulation of monoallelic expression is clearly epige-
netic, as homologous alleles follow dissimilar, heritable
fates within a shared nucleus. In these three systems,
the establishment of epigenetic inheritance may depend
on asymmetry in DNA methylation, replication timing,
chromatin structure, noncoding RNAs (ncRNAs), and nu-
clear positioning (reviewed in Goldmit and Bergman,
2004). The role of DNA methylation in imprinting is well
established (reviewed in Verona et al., 2003; Smith et al.,
2004). Replication timing is linked to differential gene ex-
pression, although cause and effect are difficult to discern
(reviewed in Goldmit and Bergman 2004). This review willfocus on the increasing body of work featuring the poten-
tial roles for ncRNAs, chromatin structure, and the effects
of nuclear spatial organization on monoallelic expression.
Antisense Transcription and/or Transcripts:
Tools for Establishing Epigenetic Marks?
A series of recent studies utilizing high-resolution tiling
arrays and various methods of tagging expressed tran-
scripts followed by large-scale sequencing detected an
unexpectedly large number of unannotated transcripts,
suggesting that most of the mammalian genome is tran-
scribed (reviewed in Frith et al., 2005; Carninci, 2006;
Mendes Soares and Valcarcel, 2006). A majority of these
unannotated transcripts are putative ncRNAs, some of
which are natural antisense transcripts. Transcriptome
analysis of the sense/antisense (S/AS) pairs revealed fre-
quent concordant regulation of expression (Katayama
et al., 2005). SAGE analysis of the S/AS pairs demon-
strated that they are coexpressed and/or inversely ex-
pressed in the same tissue more frequently than expected
by chance (Chen et al., 2005). Further, in both prokaryotes
and eukaryotes, antisense transcripts are clearly capable
of regulating gene expression (reviewed in Wagner and
Simons, 1994; Terryn and Rouze, 2000; Ogawa and Lee,
2002). These lines of evidence suggest that sense-anti-
sense regulation may be relatively common in mammals.
In mammalian dosage compensation, in which one of
the two X chromosomes is silenced in females, antisense
transcription of ncRNAs plays important roles during the
establishment of X inactivation. In addition, antisense
transcription units are present in several well-documented
examples of imprinting. The mechanisms underlying the
regulation of gene expression by antisense transcription
units and/or transcripts remain unresolved. RecentCell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc. 777
literature suggests an intimate relationship between the
establishment of epigenetic modifications and antisense
transcription in systems that express genes in a mono-
allelic manner.
Xist and Tsix Influence Chromatin Modification
In random XCI, the silencing of the X chromosome is con-
trolled by the X chromosome inactivation center (Xic), an
important cis regulatory region on the X (reviewed in Plath
et al., 2002; Heard and Disteche, 2006). Xic contains ele-
ments mediating various processes that include counting
the number of X chromosomes, choice of which X will be
inactivated, and initiation and silencing of genes on X (re-
viewed in Avner and Heard 2001; Plath et al., 2002; Heard
and Disteche, 2006). Several critical elements within the
Xic are genes that produce noncoding transcripts. The
Xist (X inactive specific transcript) noncoding transcript
is required for silencing of the inactive X chromosome
(Penny et al., 1996; Marahrens et al., 1997). Transcription
of Tsix, the noncoding antisense transcript of Xist, pro-
tects the active X chromosome from inactivation, implicat-
ing Tsix in regulation of Xist (Lee et al., 1999a; Lee and Lu,
1999; Sado et al., 2001). Noncoding transcription of Xite
(X-inactivation intergenic transcription elements), an addi-
tional region of the Xic, also influences counting and
choice (Ogawa and Lee, 2003). Studies have shown that
Xist expression is required for establishing epigenetic
marks on the inactive X chromosome (Heard et al., 2001;
Plath et al., 2003; Silva et al., 2003; de Napoles et al.,
2004; Fang et al., 2004; Kohlmaier et al., 2004; Okamoto
et al., 2004). More recently, several papers propose that
antisense transcription of Tsix alters epigenetic chromatin
marks that are likely to be involved in Xist regulation
(Navarro et al., 2005; Sado et al., 2005; Navarro et al.,
2006; Sun et al., 2006). Thus, one model is that Xist and
Tsix RNAs recruit protein complexes required for DNA
and histone modifications.
It has been known that the inactive X chromosome (Xi) is
characterized by various epigenetic marks such as hypo-
acetylation of histones H3 and H4, enrichment of an H2A
variant, macro-H2A.1, and DNA methylation (reviewed in
Plath et al., 2002; Heard and Disteche, 2006). These mod-
ifications have been proposed to function in maintaining
the inactive state of Xi, since they appear late in the silenc-
ing process. In contrast, Xist expression is early and initi-
ates the transcriptional silencing of most X-linked genes.
The mechanisms by which Xist accomplishes silencing
remain unclear. However, experiments using mammalian
embryonic stem (ES) cell lines, which induce Xist expres-
sion and X inactivation upon differentiation, are beginning
to reveal the precise molecular events correlating with X
inactivation. Areas of particular interest are histone modi-
fications that may function as epigenetic marks. Methyla-
tion of histone H3 at Lys-9 was demonstrated to be an
early mark on the X chromosome during Xi even though
HP1 does not associate with the inactive X (Heard et al.,
2001). More recently, the Polycomb group (PcG) complex
PRC2 Eed-Ezh2, which methylates histone H3 on lysine778 Cell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc.27 (H3-K27) (reviewed in Cao and Zhang [2004]; see
also the Review by B. Schuettengruber et al., page 735
of this issue), was discovered to associate transiently
with the future Xi early, during, and immediately after
Xist expression (Wang et al., 2001; Mak et al., 2002; Plath
et al., 2003; Silva et al., 2003; Kohlmaier et al., 2004). This
transient association was dependent on Xist expression
and accompanied by the methylation of H3-K27 (Plath
et al., 2003; Kohlmaier et al., 2004). In mouse ES cells,
when an autosomal Xist transgene was induced, H3-K27
trimethylation (H3-K27me3) and H4-K20 monomethyla-
tion (H4-K20me1) were shown to associate with the Xist-
expressing chromosome (Kohlmaier et al., 2004). Further-
more, a reduction of H3K4 di- and trimethylation, marks
generally associated with active chromatin, was observed
upon Xist expression (Heard et al., 2001; O’Neill et al.,
2003; Kohlmaier et al., 2004).
Components of PRC1, another PcG complex, also have
been documented to associate transiently with the Xi in ES
and in extraembryonic lineage stem cells (de Napoles
et al., 2004; Kalantry et al., 2006). Recently, Schoeftner
et al. (2006) demonstrated that inducible Xist expression
on an autosome also leads to the recruitment of PRC1.
The association of PRC1 is presumed to monoubiquitinate
lysine 119 of histone H2A on the Xist-expressing chromo-
some, providing yet another repressive chromatin mark
(de Napoles et al., 2004; Kalantry et al., 2006; Schoeftner
et al., 2006). These experiments demonstrate that the act
of Xist transcription or the transcript itself can recruit dif-
ferent complexes to modify histones on the inactive X.
Surprisingly, these repressive histone modifications are
not sufficient for silencing (Plath et al., 2003; Kohlmaier
et al., 2004; Kalantry and Magnuson, 2006; Schoeftner
et al., 2006). In ES cells, PcG complexes and their targeted
modifications associate with chromosomes expressing an
inducible mutant XistRNA incapable of silencing (Kohlma-
ier et al., 2004; Schoeftner et al., 2006). Moreover, random
XCI is observed in mouse embryos lacking endogenous
and maternally contributed embryonic ectoderm develop-
ment (EED) proteins, demonstrating that EED is not essen-
tial for XCI in the embryo (Kalantry and Magnuson, 2006).
Therefore, it is possible that functionally redundant silenc-
ing marks are utilized in X inactivation, or alternatively, that
the precise molecular events that causes initial silencing of
the X chromosome remain to be discovered.
The antisense Tsix gene regulates the expression of
Xist, and its deletion leads to the selective inactivation of
the mutant X chromosome (Lee and Lu, 1999; Luikenhuis
et al., 2001; Sado et al., 2001). Recently, the ability of Tsix
to alter chromatin structure along the Xist/Tsix locus was
illustrated in several new studies, suggesting a mechanism
for how Xist could be regulated (Navarro et al., 2005; Sado
et al., 2005; Navarro et al., 2006; Sun et al., 2006). Xist
expression normally is accompanied in cis by the mono-
allelic association of H3-K4me2 and the preinitiation com-
plex at the Xist promoter (Navarro et al., 2005). Navarro
et al., (2006) further compared the profiles of histone
modifications at the Xist 50 region between wild-type and
Figure 1. Establishment of Epigenetic
Modifications by Antisense Transcription
(A) Scenario I depicts transcription-dependent
epigenetic modifications. During antisense
transcription, histone-modifying complexes
and/or DNA methyltransferase are recruited
by the transcriptional machinery. These
enzymes then place epigenetic marks at the
transcribed locus. Scenario II depicts RNA-
dependent epigenetic modification. In IIa, dur-
ing antisense transcription, the transcribed
RNA forms a structure that is recognized by
modifying complex(es). The complex(es), re-
cruited by the RNA, then place(s) epigenetic
marks on the locus. Scenario IIb depicts
a gene silencing dependent on components
of the RNAi machinery and RNA-dependent
RNA polymerase. Antisense transcript recruits
the polymerase, which then generates comple-
mentary RNA. RNase III then processes the
resulting double-stranded RNA into siRNA mol-
ecules. The siRNA molecules are incorporated
into a complex that mediates the recruitment of
modifying enzymes.
(B) Once epigenetic marks are established,
they recruit repressive complexes, such as
PRC1, to the locus. The repressive complex
then spreads along the chromosome through
protein-protein interactions to silence neigh-
boring genes.mutant male ES cells in which Tsix is prematurely trun-
cated. In mutants, the level of repressive marks, DNA
methylation and H3-K9me3, dramatically decreased at
the Xist 50 region, while the level of H3-K4me2, H3-
K4me3, H3K9 acetylation, and H4 acetylation increased
when compared to wild-type (Navarro et al., 2006). These
modification changes were also observed upstream of
Xist in mouse embryos in which Tsix transcription was
truncated (Sado et al., 2005). The results suggest that
the presence of Tsix transcription and/or transcript nor-
mally represses active chromatin modifications at the
Xist promoter in cis, coincident with repression of Xist
expression on the active X chromosome. Analyses of the
dynamics of chromatin changes detected at the Xist/Tsix
locus during the initial establishment of Xist expression
suggest a more complex regulatory pathway. Sun et al.
(2006) found that prior to and during differentiation of ES
cells, H3-K27 trimethylation, a mark usually associated
with silencing, increases at the Xist-promoter region on
a Tsix-deletion chromosome. This unexpected associa-
tion of a silencing mark with the promoter of the Xist allele
that is destined to be expressed is a transient effect and
was not detected by Navarro et al. (2006). However, as
XCI proceeds, the promoter of the expressed allele of
Xist acquires the active chromatin marks normally associ-
ated with open chromatin (Sun et al., 2006).
Although it is not known which chromatin changes
might be directly influenced by Tsix expression, it is clear
that Tsix influences epigenetic modifications at the Xist lo-
cus. This could be accomplished either by antisense tran-
scription, through the association of modifying complexeswith the RNA polymerase machinery (Figure 1A, scenario I),
or by the association of the transcript with modifying
complexes (Figure 1A, scenario IIa). Although the RNA-
interference machinery has not been implicated in the
mammalian examples we cite in this review, recent work
in S. pombe suggests the possibility of further complexity
in the second scenario (Buhler et al., 2006). As shown in
Figure 1A, scenario IIb, an RNA-dependent RNA polymer-
ase could target an ncRNA such as Tsix or Xist during tran-
scription, synthesizing double-stranded RNA to attract the
chromatin-silencing machinery strictly in cis (Buhler et al.,
2006).
Antisense Transcription in Imprinting:
Bidirectional Silencing of Neighboring Genes
Imprinting is a phenomenon in which only one of the two
alleles of a gene is expressed, dictated by its paternal or
maternal origin. There are approximately 70 imprinted
genes in mammals, and inappropriate expression of
most of these genes affects fetal development and pla-
cental function (reviewed in Reik et al., 2001; Tycko and
Efstratiadis, 2002). Imprinted genes often exist in clusters
and contain imprinting control regions (ICRs) that are dif-
ferentially marked in gametogenesis (reviewed in Mann
et al., 2000). ICRs are characterized by differentially meth-
ylated regions (DMRs), which are methylated CpG islands
that determine whether or not the gene located in cis will
be expressed (reviewed in Verona et al., 2003). Most im-
printed clusters also contain at least one imprinted ncRNA
(http://www.mgu.har.mrc.ac.uk/research/imprinting/index.
html), suggesting that these RNAs could play a functionalCell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc. 779
role. Four of the six well-characterized imprinting clusters,
Igf2r, Kcnq1, Gnas, and Pws, contain an ncRNA in the an-
tisense orientation of one of the silenced genes. Identifying
a specific role for an RNA as opposed to the DNA that en-
codes it can be difficult. However, in two cases, the trunca-
tion of Air and Kcnq1ot1 antisense transcripts within Igf2r
and Kcnq1, respectively, has enabled this distinction to
be made. In these two cases, it is clear that transcription
of the RNAs is critical for the imprinted expression of the
genes along these clusters (Sleutels et al., 2002; Mancini-
Dinardo et al., 2006). Ironically, the first ncRNA implicated
in imprinting, H19, seems to be dispensible for imprinting
of Igf2, as long as cis-acting regulatory regions remain in-
tact (Jones et al., 1998). In the remaining examples, the
data are suggestive but not yet definitive that the expres-
sion of antisense transcripts is important in determining
the expression of the imprinted protein-coding genes
(Williamson et al., 2004. 2006). For an overview on noncod-
ing RNAs in gene silencing, see Review by M. Zaratiegui
et al., page 763 in this issue.
The Igf2r (insulin growth factor 2 receptor) imprinted
cluster is the most thoroughly documented example of
antisense transcription mediating the silencing of neigh-
boring genes. The noncoding, antisense transcript Air is
expressed from a promoter located in intron 2 of the
Igf2r gene on the paternally repressed allele (Sleutels
et al., 2002), while the maternal copy of the promoter is
nonfunctional due to DNA methylation. Even though the
Air transcript overlaps only the Igf2r gene, the deletion of
the Air promoter results in the derepression of Igf2r and
Slc22a2 and Slc22a3, two genes that do not overlap
with Air (Wutz et al., 1997; Zwart et al., 2001; Sleutels
et al., 2002).
Premature termination of imprinted Air transcription
also leads to loss of silencing of Igf2r, Slc22a2, and
Slc22a3, suggesting that the transcription of Air or the
transcript itself is responsible for the gene silencing (Sleu-
tels et al., 2002). How could this silencing be accom-
plished? An interesting result obtained in mouse primary
cultured neurons might explain the underlying silencing
mechanism (Yamasaki et al., 2005). In these neurons,
which biallelically express Igf2r, Air is not expressed. In
the absence of Air expression, the promoter regions of
both Igf2r alleles display similar levels of chromatin mod-
ifications including DNA hypomethylation, histone H3
and H4 acetylation, and H3K4-me2. In contrast, the pro-
moter region of Igf2r in cultured glial cells that express
Igf2r in a monoallelic manner displays differential levels
of these modifications between the maternal and paternal
chromosomes. This observation suggests that like Tsix,
Air antisense transcription or Air transcript may establish
repressive histone modifications at the Igf2r promoter.
Another well-studied imprinted cluster containing an
antisense transcript is the Kcnq1 domain on mouse chro-
mosome 7. The primary basis for imprinting is differential
DNA methylation. The paternal repression of the imprinted
Kcnq1 domain is controlled by the ICR, KvDMR1, which
consists of a CpG island located in the intron of the780 Cell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc.Kcnq1 gene that is methylated on the maternal allele (Fitz-
patrick et al., 2002). The unmethylated paternal KvDMR1
gives rise to an ncRNA Kcnq1ot1 (Lee et al., 1999b; Smi-
linich et al., 1999). Recently, expression of this RNA has
been implicated in Polycomb-based silencing in cis, which
was observed to play a role in the repression of several
genes along the Kcnq1 cluster (Mager et al., 2003; Lewis
et al., 2004, 2006; Umlauf et al., 2004). In mouse extra-
embryonic tissues, for instance, the silencing of some
genes along the paternal chromosome involves PcG com-
plex, Eed-Ezh2, and repressive marks, H3-K27me3 and
H3-K9me2 (Lewis et al., 2004; Umlauf et al., 2004).
Recent studies suggest that recruitment of the PcG
complex to the paternal chromosome depends on the
transcription of Kcnq1ot1. First, an episomal construct
consisting of the KvDMR1 ICR flanked by two reporter
genes demonstrated that the expression of Kcnq1ot1 is
able to silence gene expression bidirectionally (Thakur
et al., 2004; Kanduri et al., 2006). The length of the RNA
being transcribed in the construct is proportionally related
to the degree of silencing: the longer the transcript, the
stronger the repression of the flanking genes (Kanduri
et al., 2006). Furthermore, the acquisition of repressive
histone modifications depends strongly on transcription
elongation. This idea is further supported by a recent ob-
servation in mice expressing a truncated form ofKcnq1ot1
RNA (Mancini-Dinardo et al., 2006). Repression of the
paternal allele normally depends on the transcription of
Kcnq1ot1, and premature transcription termination of
the noncoding transcript results in derepression of pater-
nally silenced genes (Mancini-Dinardo et al., 2006). There-
fore, transcription of the Kcnq1ot1 ncRNA may recruit
a histone-modifying complex to mediate the silencing of
imprinted genes (Figure 1A). This recruitment could either
depend on transcription (scenario I) or the transcript (sce-
nario IIa & IIb). Once the histone modifications are estab-
lished, they could then recruit repressive complexes to the
locus (Figure 1B). These complexes could repress the
expression of the genes bidirectionally in the cluster, pos-
sibly by a ‘‘spreading’’ mechanism.
The Gnas-imprinting cluster on mouse chromosome
2 consists of maternally, paternally, and biallelically ex-
pressed transcripts (Peters et al., 1999). Three DMRs
have been identified in the Gnas cluster (Kelsey et al.,
1999; Peters et al., 1999; Liu et al., 2000; Coombes
et al., 2003). Two of the DMRs are maternally methylated,
and one of these is located at the promoter of Gnasxl and
Nespas (Coombes et al., 2003).Gnasxl andNespas, a non-
coding transcript (Wroe et al., 2000), are both paternally
expressed. Nespas is located in the middle of the cluster
and is an antisense transcript of the gene Nesp, a mater-
nally expressed transcript coding for a neuroendocrine
secretory protein (Ischia et al., 1997; Peters et al., 1999).
Targeted deletion of the DMR abolishes the expression
ofNespas (Williamson et al., 2006). Surprisingly, it affected
the imprinted expression of the genes along the cluster
bidirectionally. This effect is reminiscent of the ICRs of
the Igf2r and Kcnq1 imprinting clusters. Remarkably, the
deletion of the Nespas/Gnasxl DMR affected the methyla-
tion pattern of the two other DMRs in the clusters (William-
son et al., 2006). One of these DMRs is comprised of a
promoter region for another ncRNA, Exon 1A, which is
important for expression of Gnas in certain tissues
(Williamson et al., 2004). How these ncRNAs play a role
in the regulation of imprinted gene expression remains
to be answered. The transcription or the transcript of
Nespas and Exon 1A could play a role in the stable repres-
sion of some of the genes.
Antisense transcription clearly plays a role in the estab-
lishment of histone modifications in some imprinting clus-
ters. However, it is important to note that differential DNA
methylation at imprinting clusters is often the initial signal
governing allele-specific expression (reviewed in Brannan
and Bartolomei, 1999). In most scenarios, establishment
of differential histone modifications is an important down-
stream regulatory process to implement the initial asym-
metry established in the maternal or paternal germline
by DNA methylation.
Chromatin Modification and Antisense Transcription
in the IgH Region of B Lymphocytes
Monoallelic expression is important for the proper function
of the mammalian immune system. Functional genes en-
coding the antigen receptors of B and T lymphocytes
are produced by recombination events during differentia-
tion (reviewed in Bassing et al., 2002; Johnson et al.,
2005). One example of monoallelic expression is the pro-
duction of the murine immunoglobulin heavy chain (IgH),
whose locus is comprised of several hundred variable
(VH) gene segments, 16 diversity (DH) gene segments,
and 4 joining (JH) gene segments (Chevillard et al.,
2002). Unique VH, DH, and JH segments at the locus are
selected and recombined to give rise to a functional IgH
gene (reviewed in Bassing et al., 2002). Once the heavy
chain is expressed, recombination is inhibited at the IgH
locus, resulting in allelic exclusion to ensure the produc-
tion of only one type of antibody molecule per B cell clone
(reviewed in Bassing et al., 2002).
The recombination of VH, DH, and JH segments is
a tightly controlled, ordered event (reviewed in Johnson
et al., 2005). The joining of the DH and JH is the first step
of the recombination process (reviewed in Bassing et al.,
2002). Prior to VH -DJH recombination, the VH locus be-
comes hyperacetylated on histones H4 and H3 (Chowd-
hury and Sen, 2001; Johnson et al., 2003), presumably
generating a more open chromatin structure to be ac-
cessed by the recombinase. Once the fully functional
VDJH allele is assembled, there is decreased histone acet-
ylation at the rest of the VH locus (Chowdhury and Sen,
2001; Johnson et al., 2003), suggesting that histone mod-
ification contributes to the maintenance of allelic exclu-
sion. In addition, several studies have implicated a role
for H3K9 methylation at the IgH locus during B cell differ-
entiation (Morshead et al., 2003; Johnson et al., 2004).
A study recently found that antisense transcription
could also play a role in the ordered joining of VH-DJHsegments (Bolland et al., 2004). Antisense transcription
is detected extensively across the genic and intergenic
DNA of the VH locus. It is strand specific and occurs prior
to or during the VH-DJH rearrangement but is rapidly
downregulated after VDJH recombination. The function
of the transient antisense transcription remains unclear.
Since it only occurs during or after DJH recombination,
its primary function is probably not to establish gene si-
lencing of the VH region prior to recombination. It is also
unlikely to be used to set up epigenetic marks on one al-
lele, since it is biallelically expressed. Bolland et al.
(2004) have proposed that the antisense transcription re-
models the VH region on both alleles, thereby facilitating
downstream events required for VH-DJH recombination.
This model is similar to a proposal that Tsix initially renders
the Xist locus epigenetically equivalent prior to the onset
of random XCI (Navarro et al., 2005). Antisense transcrip-
tion in the VH region may provide an equal opportunity for
each VH gene to be recombined.
The molecular functions of antisense transcription ap-
pear pivotal to the mechanisms governing mammalian
dosage compensation, genomic imprinting, and perhaps
allelic exclusion. Their molecular functions could be
varied, but they are all coupled to the establishment of
epigenetic chromatin marks. The antisense transcription
or the antisense transcript could recruit modifying and/or
remodeling complexes to regulate neighboring genes. In
cases such as Kcnq1ot1 antisense transcription, it could
attract PRC2 to establish histone modifications that then
recruit PRC1 to assist in the silencing of neighboring
genes. In other cases, such as Tsix transcription, it could
attract or activate DNA and histone methyltransferases
to establish modifications at the Xist locus. In another ex-
ample, antisense transcription at the VH region of the B cell
IgH locus could recruit remodeling complexes to open the
chromatin of the VH locus for recombination. Distinguish-
ing effects of transcription from functions of the resulting
transcripts and going beyond correlative evidence for
the function of histone modifications at these loci remain
a significant challenge.
Spatial Organization within the Nucleus: A
Mechanism forMutually ExclusiveGeneExpression?
Spatial organization of the genome within the nucleus may
play a critical role in the regulation of gene expression. In
the interphase nucleus, chromosomes occupy distinct re-
gions termed chromosome territories, which are nonran-
domly organized within the nuclear space (reviewed in
Cremer and Cremer, 2001; Parada et al., 2004). The func-
tional role of nonrandom positioning of the chromosome
territories is unclear, but it could promote the efficiency
of gene expression/silencing by creating specialized nu-
clear subcompartments. The position of genes relative
to their resident chromosome territory may also influence
their transcriptional status (Mahy et al., 2002a) as location
in the interior of the chromosome territory generally corre-
lates with silencing, while location at the periphery gener-
ally correlates with transcription, with notable exceptionsCell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc. 781
(Mahy et al., 2002b). In X inactivation, the two X chromo-
somes occupy clearly distinct territories, correlating with
their dissimilar expression states (Bacher et al., 2006; Xu
et al., 2006). Within the Xi, the silencing of X-linked genes
is further linked to their position relative to the chromo-
some territory (Chaumeil et al., 2006; Clemson et al.,
2006). In imprinting, the spatial organization of DMRs
and enhancer elements of the Igf2/H19-imprinting cluster
is correlated with regulation of monoallelic expression of
Igf2 and H19 (Murrell et al., 2004; Kurukuti et al., 2006).
In addition, the spatial organization between chromo-
somes appears important for mutually exclusive expres-
sion of alleles in mouse olfactory neuron receptor cells.
Here, we will discuss how nuclear architecture and spatial
location and organization of chromosomes are implicated
in control of X inactivation, genomic imprinting, and allelic
exclusion.
The Role of X-X Interaction in X Inactivation
In random XCI, females must count the number of X chro-
mosomes and choose only one to keep active. The count-
ing/choosing mechanism depends on elements of the Xic
(Lee and Lu, 1999; Ogawa and Lee, 2003). It has been
proposed that there is communication between the two
X chromosomes to allow counting and then mutually
exclusive expression of Xist and Tsix. This notion is sup-
ported by two recent reports that study the proximity of
X chromosomes during the establishment of X inactiva-
tion. Using imaging and statistical analyses, the Xic re-
gions of the two X chromosomes were found to associate
transiently prior to and/or during the initial stages of Xist
expression (Bacher et al., 2006; Xu et al., 2006). Partial
deletion of the Xic leads to a disruption in the counting
mechanism and the absence of colocalization of the two
Xics, confirming that elements within the Xic are important
for counting. Further, Xu et al. (2006) mapped regions
within Tsix and Xite required for Xic colocalization. Using
chromosome conformation capture (3C), they also
showed that these regions of the two X chromosomes
physically interact, demonstrating at the molecular level
that homologous X chromosomes pair transiently at the
onset of X inactivation.
The spatial location and organization of the X chromo-
somes within the nucleus is likely very important for their
transient association. How are regions of the Xic initially
brought within close proximity to physically interact? The
analysis of Xu et al. (2006) suggest that Tsix and XiteRNAs
could play a role. However, the interaction is transient
(Bacher et al., 2006; Xu et al., 2006). The dissociation
could be due to sequestration of the Xic into a silent
X-chromosome territory during the establishment of X
inactivation (Chaumeil et al., 2006). Expressed X-linked
genes tend to reside in the periphery of the X chromosome
(Chaumeil et al., 2006; Clemson et al., 2006). During the
establishment of X inactivation, Xist RNA expression cor-
relates with the exclusion of RNA polymerase followed by
gene relocation to the interior of the Xi chromosome terri-782 Cell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc.tory, forming a silent nuclear compartment (Chaumeil
et al., 2006).
Intrachromosomal Interaction:
Regulation of Imprinting
The Igf2/H19 region on chromosome 7 is an example of
genomic imprinting that may depend on the spatial ge-
nome organization in the nucleus for monoallelic expres-
sion of Insulin growth factor 2 (Igf2) (reviewed in Leighton
et al., 1996; Verona et al., 2003; Reik et al., 2004). An ICR
at the 50 region of H19 is essential for the imprinted
expression of H19 and Igf2, located more than 80 kb
upstream (Thorvaldsen et al., 1998). It contains a DMR,
which in its unmethylated state is bound by CTCF, a
DNA binding protein that acts as an insulator in the Igf2/
H19 imprinting region (Bell and Felsenfeld 2000; Hark
et al., 2000; Kanduri et al., 2000; Szabo et al., 2000). On
the paternal chromosome, the ICR is hypermethylated,
preventing the binding of CTCF. Enhancers located down-
stream of H19 are proposed to associate with a DMR near
the Igf2 promoter, leading to paternal expression of Igf2
(reviewed in Reik et al., 2004). On the maternal chromo-
some, the ICR is hypomethylated and bound by CTCF,
which prevents the association of the enhancer with the
DMR. Instead, the enhancer associates with the promoter
of H19, leading to maternal expression of the noncoding
H19 transcript. The physical intrachromosomal inter-
actions between these regions have recently been con-
firmed by 3C (Murrell et al., 2004), suggesting that these
loci are in close proximity relative to each other. These re-
sults demonstrated that Igf2/H19 DMRs and enhancers,
though located more than 80 kb apart, are dynamically or-
ganized within the chromosome territory to promote their
association.
Recent studies using variations of 3C further suggest an
extensive network of intra- and interchromosomal interac-
tions at the H19 ICR region (Ling et al., 2006; Zhao et al.,
2006). Zhao et al. (2006) developed circular chromosomal
conformation capture (4C) to determine the possible intra-
and interchromosomal interactions of a specific element
on a genome-wide scale. Using the method to search
for sequences associated with the H19 ICR, they found
114 unique sequences dispersed throughout the auto-
somes, several of which interact primarily with the mater-
nally inherited H19 ICR, suggesting that CTCF plays a role
in these interactions. Interestingly, a number of imprinted
domains were determined to interact with the H19 ICR
using 4C and 3C, demonstrating a possible spatially orga-
nized network for epigenetic regulation.
Using another variation of 3C, Ling et al. (2006) discov-
ered two additional sequences that interact with H19 ICR,
which are distinct from the sequences identified by Zhao
et al. (2006). One of the two sequences is located at
a gene-poor region on chromosome 6, while the other is
in the intergenic region between genes Wsb1 and Nf1 on
chromosome 11. In cells with reduced expression of
CTCF, which binds to the maternal ICR, the long-range in-
teraction between Igf2/H19 and Wsb1/Nf1 was abolished,
suggesting that the association is dependent on CTCF.
Despite biallelic expression of both genes, low levels of
CTCF reduced the expression of Nf1 and Wsb1 from
only the paternal chromosome.
Though speculative, genes in different imprinted clus-
ters could be organized into specific nuclear subcompart-
ments that regulate gene expression in a coordinated
fashion. Factors that recruit genes to specific compart-
ments would also play an important role. For example,
the ICR of Igf2/H19 and theNf1/Wsb1 loci seem to localize
to the same nuclear compartment through interaction with
CTCF, which has been proposed to tether insulator ele-
ments to the nucleolar surface (Yusufzai et al., 2004). Be-
sides directing physical association between genes, the
CTCF insulator may also play a role in transcriptional acti-
vation, as demonstrated by reduced expression of Nf1
and Wsb1 upon knocking down CTCF. Insulator elements
have been suggested to play a dual role in transcriptional
activation and the organization of independent chromatin
domains (reviewed in Capelson and Corces 2004), and the
CTCF insulator seems to be involved in both events. It re-
mains puzzling, however, that the reduction in Nf1 and
Wsb1 expression is allelic specific even though these
genes are not known to be imprinted.
Monoallelic Expression of Olfactory Receptors
Each murine olfactory neuron expresses only one odorant
receptor (OR) gene from a repertoire of more than 1300
genes, producing one type of receptor per neuron (Chess
et al., 1994; Malnic et al., 1999). Recent findings suggest
that a single enhancer element may govern the expression
of different OR genes through intra- and interchromo-
somal interactions (Serizawa et al., 2003; Lomvardas
et al., 2006). A cis-acting enhancer element H, 70 kb up-
stream of a cluster of OR genes, was first demonstrated
to activate the expression of single OR genes in the linked
cluster (Serizawa et al., 2003). Deletion of the H region
abolished the expression of any of the linked OR genes,
while its addition restored expression in transgenic mice.
After the production of a functional OR receptor, a nega-
tive-feedback mechanism inhibited the expression of
other OR genes. Serizawa et al. (2003) proposed that the
enhancer element H could interact intrachromosomally
at the promoter of only one OR gene per nucleus to acti-
vate expression.
Subsequently, Lomvardas et al. (2006) demonstrated
that enhancer element H not only associates with OR
genes on the same chromosome, it can also associate
in trans with OR genes on other chromosomes. DNA fluo-
rescence in situ hybridization (FISH) showed that H DNA
colocalizes with OR genes located on different chromo-
somes, suggesting an interchromosomal interaction be-
tween the H element and OR gene promoters. Further-
more, DNA/RNA FISH showed H DNA colocalizing with
expressed OR RNAs. These physical inter- and intrachro-
mosomal associations between the H region and different
OR genes were confirmed by 3C. Interestingly, in single
cells, only one of the alleles of H is methylated, indicatingthat there is only one functionalH to activate one OR gene.
These observations suggest that the mutually exclusive
expression of a large family of OR genes on different chro-
mosomes may be controlled through a remarkable com-
petition for physical interaction with a common regulatory
element. One can imagine that once a negative-feedback
signal is generated upon the production of a receptor, the
nonselected OR genes can reposition from an active do-
main to a transcriptionally silent domain within the nucleus
(Figure 2).
Gene regulation through subnuclear compartmentaliza-
tion can also occur in other examples of allelic exclusion.
For example, it has been proposed that during the devel-
opment of pro B cells, the IgH locus can reposition within
the nucleus to permit recombination and expression of
a recombined VDJH gene (Kosak et al., 2002).
We have provided specific examples from X inactiva-
tion, imprinting, and allelic exclusion that demonstrate
that a dynamic nuclear architecture may be critical to reg-
ulate monoallelic expression. Clearly, genes that are ex-
pressed in a mutually exclusive and monoallelic manner
could take advantage of distinct nuclear subcompart-
ments. Regulation by compartmentalization may be quite
general, as genes that participate in a binary developmen-
tal decision during T cell development also exhibit mutu-
ally exclusive interchromosomal interactions and reposi-
tioning behavior (Spilianakis et al., 2005). However, the
mechanism and factors that promote the reorganization
or the movement of genes and chromatin in the nucleus
remain to be determined. Could epigenetic marks play
a role? In Drosophila, PcG proteins form discrete nuclear
bodies, and it has been proposed that PcG-targeted
genes can be recruited to these loci (Ficz et al., 2005; Gri-
maud et al., 2006; see also Review by B. Schuettengruber
et al., page 735 in this issue). An appealing possibility is
that RNA-directed epigenetic modifications, intra- and
interchromosomal interactions, and nuclear positioning
are linked processes that act together to promote
Figure 2. Competition for a Shared Regulatory Element by
Murine OR Genes
OR genes on different chromosomes compete for enhancer H, a regu-
latory element. Once a gene is ‘‘chosen’’ and expressed, a negative
signal is provided to prevent the expression of other OR genes. The
genes that are not expressed could be repositioned in the nuclear pe-
riphery or sequestered into the interior of chromosomal territories.Cell 128, 777–786, February 23, 2007 ª2007 Elsevier Inc. 783
strikingly different expression states of homologous al-
leles residing within the same nucleus.
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